I. INTRODUCTION
Fatigue crack growth in the air at elevated temperatures is often faster than the rate at room temperature. crack growth has been attributed to creep and/or oxidation [1,2,3 1.
Creep induces grain boundary void formation and grain boundary cavitation, and the formation and the growth of grain boundary voids and cavities will accelerate fatigue crack growth. The cavity growth rate is related to either grain boundary vacancy diffusion or surface diffusion.
has the form of the Arrhenius relation. However, grain boundary cavity nucleation and growth under a cyclic load and the relation between the growth rates of grain boundary cavities and fatigue crack have yet to be studied.
The cavity growth rate
Gibb's free energies of metal oxide formation are negative.
When in direct contact with oxygen, metals oxidize easily, and the rate of oxidation depends on the rate of diffusion of oxygen or metal through the oxide layer. Grain boundary is a site of high energy and a path of rapid diffusion. Therefore, the oxidation
GRAIN BOUNDARY OXIDATION PENETRATION
Oshida and Liu [311 have studied g r a i n boundary o x i d a t i o n penet r a t i o n i n a n i c k e l base superalloy, TAZ-8A, under a s t r e s s -f r e e condition.
w a s oxidized i n a i r . The oxidation temperatures w e r e 600, 800, and 1000°C, and t h e exposure t i m e s v a r i e d from 100 t o 1000 hours. o x i d a t i o n , each coupon w a s sectioned, and t h e s e c t i o n e d s u r f a c e w a s examined under an o p t i c a l microscope. a c r o s s s e c t i o n of a test coupon.
deeper than t h e s u r f a c e oxide.
Edch disk coupon, 15 mm i n diameter and 5 mm i n t h i c k n e s s , A f t e r Figure 1 shows t h e p i c t u r e of The g r a i n boundary oxide p e n e t r a t e s On each s e c t i o n e d s u r f a c e , t h e g r a i n boundary o x i d a t i o n p e n e t r a t i o n v a r i e d widely from one g r a i n boundary t o another.
boundary o x i d a t i o n p e n e t r a t i o n depth, a of a s e c t i o n e d s u r f a c e w a s measured. A f t e r t h e measurement, a t h i n l a y e r of t h e coupon, approximately 80 um t h i c k , w a s ground o f f , t h e new s u r f a c e w a s polished, and another maximum g r a i n boundary o x i d a t i o n p e n e t r a t i o n depth w a s measured. This process w a s repeated twelve t i m e s f o r each test coupon. Altogether, 144 d a t a points w e r e c o l l e c t e d a t t h e t h r e e o x i d a t i o n temperatures, T, and a t v a r i o u s exposure t i m e s , t. The r e g r e s s i o n a n a l y s i s of t h e d a t a g i v e s t h e following e m p i r i c a l r e l a t i o n .
The maximum g r a i n m'
where a i s i n cm; t , i n seconds; t h e a c t i v a t i o n energy, Q i s 4.25 Kcal/mol; T i n OK; and R = 1.987 cal/mou°K.
c o e f f i c i e n t of a u t o -c o r r e l a t i o n i s 0.96.
m . They concluded t h a t t h e i n t e r g r a n u l a r oxide p e n e t r a t i o n depth i n N i -C r a l l o y s followed a p a r a b o l i c rate r e l a t i o n .
Grain boundary oxide p e n e t r a t i o n i s c o n t r o l l e d by g r a i n boundary d i f f u s i o n of oxygen, and g r a i n boundary d i f f u s i o n i s a f u n c t i o n of t h e r e l a t i v e o r i e n t a t i o n s o f t h e two neighboring g r a i n s [36, 37, 38 could be one of t h e causes f o r t h e s t a t i s t i c a l s c a t t e r of t h e measured o x i d e p e n e t r a t i o n depths.
A t any given combination of temperature, T, and exposure t i m e , t , t h e v a l u e of a can be c a l c u l a t e d from t h e measured a -v a l u e by u s i n g . is t h e value of (ai -a ) a t I n l n { l / f l -P(pi>J} = 0. are given in Reference [31] .
If the grain boundary oxidation penetration rate is controlled by the grain boundary diffusion rate, and if grain boundary diffusion can be considered as a one-dimensional flow, the oxidation penetration depth can be written as
is the activation energy of grain boundary diffusion. This result Qgb is certainly different from the empirical relation, Equation (1).
The coefficient of grain boundary diffusion is several orders of magnitude higher than that of lattice diffusion. Nevertheless, the grain boundary diffusion kinetics are affected by lattice diffusion.
Whipple [39] has analyzed the effects of lattice diffusion on grain boundary diffusion. These effects for TAZ-8A have yet to be assessed quantitatively.
The kinetics of grain boundary oxide penetration will certainly be related to the morphology of the oxide. Grain boundary oxides have two different shapes: pancake type and cone type. Furthermore, the detailed chemical processes of oxidation have also to be taken into consideration in a theoretical analysis. Grain boundary oxide penetration is further complicated by the internal stresses caused by the oxide forma tion.
For the moment, Equation (1) constant. In this region, the fatigue crack growth is intergranular.
The fatigue crack growth rate decreases as cyclic frequency inAt a very high frequency, the fatigue crack growth rate is creases.
independent of frequency and temperature. It corresponds to the right hand side limiting line. At such a high frequency, the fatigue crack growth is transgranular, and the abserved fatigue striations on ; 1 crack surface indicate that fatigue crack growth is caused primarily by crack tip cyclic plastic deformation.
In the intermediate frequency region, a fatigue crack grows in a mixed mode both intergranularly and transgranularly, and the growth rate is sensitive to both frequency and temperature.
For constant-K tests at elevated temperatures, two crack growth features are common: (i) the time rate of crack growth is constant, (i.e. da/dt = constant) and (ii) crack growth is intergranular. Crack growth at constant-K is often referred to as creep crack growth.
In the low frequency region, da/dN is inversely proportional to frequency, w , and frequency is the inverse of the time period per cycle. Therefore, in the low frequency region, the time rate of fatigue crack growth is also constant as the creep crack growth rate. Furthermore, fatigue crack growth in this region is also intergranular. Therefore, fatigue crack growth in the low frequency region, where the intergranular crack growth rate da/dN is inversely proportional to v , is often referred to as creep crack growth. In this section, oxidation will be analyzed as a possible 8 i I n t h e low frequency region of Figure 5 , t h e f a t i g u e c r a c k growth rates of Inconel 718, I n c o n e l X-750, Astroloy a t 7OO0C and 76OoC, and
Cr-Mo steels, and A s t r o l o y a t 7OO0C, a t r i a n g u l a r loading p a t t e r n w a s used. 
stress i n t e n s i t y f a c t o r , K. The oxygen a r r i v i n g a t a c r a c k t i p w i l l have t o d i f f u s e a l o n g t h e g r a i n boundary i n t o the r e g i o n ahead of t h e c r a c k t i p forming oxide. When t h e c r a c k t i p g r a i n boundary oxide r e a c h e s t h e c r i t i c a l size, 6a, t h e oxide w i l l r u p t u r e and t h e c r a c k w i l l grow by t h e amount of 6a. t h i s p r o c e s s of g r a i n boundary d i f f u s i o n , g r a i n boundary o x i d a t i o n , r u p t u r i n g of t h e g r a i n boundary oxide, and c r a c k advancing w i l l b e r e p e a t e d again.
g r a i n boundary oxides can reoccur i n t e r m i t t e n t l y many times d u r i n g a f a t i g u e c y c l e .
C o f f i n (1) has suggested t h i s process as a mechanism of t h e a c c e l e r a t e d f a t i g u e c r a c k growth a t e l e v a t e d temperatures. I n t h i s p a p e r , a q u a n t i t a t i v e model of i n t e r m i t t e n t micro-ruptures o f g r a i n boundary o x i d e w i l l be c o n s t r u c t e d and i t w i l l be shown t h a t t h e i n t e r m i t t e n t micro-ruptures of g r a i n boundary oxide can l e a d t o a f a t i g u e c r a c k growth rate i n v e r s e l y p r o p o r t i o n a l t o v .

Once t h e crack t i p advances t o i t s new p o s i t i o n , This process of micro-ruptures of c r a c k t i p
The tests with ho:d time w i i i be anaiyzed f i r s t . h r i n g t h e hold time, AtHaC take place.
to the "tip" of the oxide. Therefore, the time increment, 6t, necessary for the oxide starting from the crack tip, to reach the critical rupture size, 6a, is given by Equations 44) and (5).
simple power relation, we have
KmX, a number of intermittent micro-ruptures will
Assume that every micro-rupture will advance the crack 
H' H
Fatigue crack growth per cycle is the sum of the rapid and intermittent micro-ruptures per cycle. 
6ai, Equation ( 6 ) . The number of micro-ruptures, mi, d u r i n g t h e t i m e i n t e r v a l , A t . a t Ki is simply A t i / 6 t i . "m" ' i s p r o p o r t i o n a l t o A t and i n v e r s e l y p r o p o r t i o n a l t o frequency, v . This i n v e r s e r e l a t i o n between
1 m A t i , and u is t r u e a t any Ki-level.
The f a t i g u e c r a c k growth r a t e is t h e sum of t h e r a p i d and i n t e ri'
mittent micro-ruptures a t a l l the K -l e v e l s d u r i n g one cycle.
i
i i m is i n v e r s e l y p r o p o r t i o n a l t o V a t any K-level.
T h e r e f o r e , da/dN is i n v e r s e l y p r o p o r t i o n a l t o V .
The crack growth rate a t a frequency V can a l s o b e w r i t t e n as da -)
i s t h e c r a c k growth rate a t a r e f e r e n c e frequency, v . Equations (11) and (12) 
f o r a r b i t r a r y wave shapes are d e r i v e d w i t h t h e assumption t h a t K i s capable o f c h a r a c t e r i z i n g t h e c r a c k t i p f i e l d and t h e c r a c k t i p f i e l d i s n o t a f f e c t e d by c y c l i c frequency. However, t h e c r e e p stress r e l a x a t i o n a t a c r a c k t i p and t h e i n t e r n a l stress caused by o x i d a t i o n have n o t been taken i n t o account. They could be t h e r e a s o n s why some o f t h e d a t a i n t h e low frequency r e g i o n i n F i g u r e 5 do n o t obey t h e i n v e r s e r e l a t i o n . No such assumption i s n e c e s s a r y fL)r t h e d e r i v a t i o n of Equation (8) f o r t h e c r a c k growth r a t e w i t h a holdtime
at Kmax* dN vo 0
In t h e l o w frequency r e g i o n , when t h e r e i s enough t i m e f o r r e p e a t e d g r a i n boundary o x i d a t i o n p e n e t r a t i o n s and r e p e a t e d micro-ruptures of t h e oxides t o t a k e place, t h e f a t i g u e c r a c k growth r a t e along an e m b r i t t l e d g r a i n boundary i s i n v e r s e l y p r o p o r t i o n a l t o t h e
f r e q u e n q , and c r a c k g r o v t h is i n t e r g r a n u l a r . Therefore, t h e s e two c r a c k growth f e a t u r e s of i n v e r s e r e l a t i o n of da/dN w i t h frequency and i n t e r g r a n u l a r c r a c k growth can be caused by g r a i n boundary o x i d a t i o n , and they cannot be a t t r i b u t e d t o creep c r a c k i n g w i t h o u t .
Ia d d i t i o n a l s u b s t a n t i v e experimental evidence. Such i n v e r s e r e l a t i o n -
In o r d e r t o accelerate f a t i g u e c r a c k growth, t h e oxygen atoms must r e a c h t h e . c r a c k tip d u r i n g the process of c r a c k growth r a t h e r than a f t e r . Therefore, t h e a c c e l e r a t e d f a t i g u e c r a c k growth is c l o s e l y r e l a t e d t o t h e rate of t h e t r a n s p o r t of oxygen.
For a given material a t a given a p p l i e d K level, t h e r e e x i s t s an i n t r i n s i c c r a c k growth rate, (da/dN)f, which is caused by t h e f a t i g u e p r o c e s s of c y c l i c crack t i p p l a s t i c deformation a l o n e , without t h e e f f e c t of oxidation.
s p e c i e s does n o t have enough t i m e t o travel i n o r d e r t o f o l l o w t h e c r a c k t i p .
f a t i g u e c r a c k growth.
c y c l i c p l a s t i c deformation, and t h e growth i s t r a n s g r a n u l a r . The da/dN is n o t l i m i t e d by t h e t r a n s p o r t p r o c e s s , and i t is independent of frequency and temperature, so t h a t t h e c r a c k growth rate d a t a i n F i g u r e s 4a and 4b w i l l merge t o t h e r i g h t hand s i d e l i m i t i n g l i n e of h i g h frequency and low temperature and t h e d a t a i n Figure 5 w i l l level o f f i n t h e high frequency region.
deformation i s dependent on frequency and temperature, da/dN w i l l be weakly dependent on frequency and temperature.
A t a v e r y high frequency, t h e d i f f u s i n g
Therefore, o x i d a t i o n does n o t have much e f f e c t on t h e
The f a t i g u e c r a c k growth is caused by I f t h e c y c l i c p l a s t i c I n Figure 5 , between t h e low-frequency f a s t e r i n t e r g r a n u l a r f a t i g u e c r a c k growth caused by t h e i n t e r m i t t e n t micro-ruptures, and t h e high-frequency slower t r a n s g r a n u l a r i n t r i n s i c f a t i g u e c r a c k growth due t o c y c l i c p l a s t i c deformation, t h e r e e x i s t s a r e g i o n of mixed mode of b o t h i n t e r g r a n u l a r and t r a n s g r a n u l a r c r a c k growth, as observed by P e l l o u x and Huang [ 4 6 1 .
IV. DISCUSSIONS
The . between fatigue crack growth rate, da/dN and the cyclic frequency, v .
This inverse relation is observed for a number of high temperature alloys in the low frequency region.
possible mechanism for the accelerated fatigue crack growth at elevated temperatures.
Grain boundary oxidation is certainly a Grain boundary oxidation was studied for samples free of stress.
The effects of an applied stress and an imposed cyclic strain on the diffusion of oxygen and oxidation still need to be addressed.
Equation (1) is for grain boundary bulk oxide penetration. It is conceivable that even a monolayer of oxide will reduce the grain boundary cohesive strength and will accelerate fatigue crack growth.
As indicated by the above discussion on the needs for additional knowledge, the work on the effects of oxidation on high temperature fatigue life is far from completed. 
